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CON FI D.ENT I AL 
FORCE AND CAVITATION TESTS 
OF THE 
MARK 26 TORPEDO 
INTRODUCTION 
The Mark 26 Tropedo is an underwater torpedo, electrically 
driven, 21 01i5 inches maximum diame t er, and 2£15 875 inches long 
over-all 
This report covers the results of tests made in the Hydro-
dynamics Laboratory of the Cal ifornia Institute of Technology on 
scale models of the Mark 26 To rpedo with four different designs of 
stabilizing fins. 
Tests in the High Speed Water Tunnel were made to determine 
the hydrodynamic forces under steady state conditions and to o~­
serve the pressure and velocit y at which cavitation occurs 
No tests were made to determine the damping forces 
The tests were authorized by Dr . E . H Colpit ts, Chief of 
Section 6 . i, National Defense Research Commit tee , in a letter 
dated October 8, i943 
CONC L USIONS 
i The torpedo is statically unstable with any of the four 
types of stabilizing fin This does not, .howeve r , indicat e dy-
namic instability, since most torpedoes are statically unstable 
2 Estimated turning radii and damping coefficients indicate 
suffici 3 nt d ynamic s tabili ty and better maneuverability for the 
torpedo with four shcrt fins and no shroud ring, called in this 
report the Mark 26-4 
3 . The inclined depth fins on th e Mark 26-i, 26-2, and 26-3 
Torpedoes are of no material assistance to the rudders in depth 
control 
4 The addition of the shroud ring to the eight-fi? model 
decreases the static stabil i ty and tends to interfere with rudder 
action-: 
5 . Cavitation at a speed of 45 knots, at a submergence of 
iO feet, is not sufficient to interfere with rudder or propellers . 
However, a certain amount of cavitation will occur on the fins and 
rudders, which may be objection abl e because of the noise produced 
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DESCRIPTI ON OF TORPEDO AND MODELS 
For the purposes of this report, in order to distinguish be- · 
tween the four different designs of stabilizing fins , the follow -
ing designatio n s are used 
Mark 26- 2 
Mark 26-3 
Mark 26 -4 
Afterbody has eight fins and a shroud ring 
(Figure 2) 
Eight fins without the shroud ring otherwise 
the same as Mark 26-- i (Figu re 3) 
Four fins without the shroud ring same as the 
Mark 26 ·2 but the 45 ·deg ree fins are remove d 
(Figur e 4) 
Four fins shorter than the fins of the other 
three designs ; giving smaller stabilizing sur -
faces (Figure 5) 
On the Mark 26-i, 26- 2, and 26- 3 the horizontal or dep.th 
control fins are inclined to the longitudinal axis of the torpedo, 
the forward ends of these fins being raised 0 . 688 inches above 
the center line of the afterbody so that the fins are at an angle 
of about i-i/2 degrees with the horizontal, giving a slight down 
rudder effect 
On the Mark 26·- 4 the fins are all s horter than on the other 
three designs and the depth fins are i n the1 same. plane with the 
torpedo axis 
The horizontal and vertical rudders and their location on 
the afterbodies are the same on all four designs 
The hull contours for all the torpedoes and the fins and 
rudders of the Mark 26·- i 26· - 2 and 26··3 are in accordance with 
the following drawings of the Wes tinghouse Electric and Manu-
facturing Company " 
ED SK i7385 i 
ED SK i730i4 
i 4-A-236 5 
i6-A-267 i 
i 4-k-2377 
i 4--A-·- 2 378 
U ·- A--6690 
ii·-B-i448 
. ED SK i 7 3 7 5 3 
High- speed torpedo model 
High - speed torpedo con t our 
Vertical a nd horizontal vanes 
Vane- rudde r deta¢l 
Tail cone welding assembly 
Tail cone machining assembly 
Horizontal and vertical rudder casting 
Dep th rudder 
Ring 
The stabilizing fins of the Mark 26- 4 were des igned at the 
Hydrodynam i cs Laboratory The design was based on results of 
tes ts of other projectiles , which indicated that the greater part 
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FIG . l - OUTLINE DIMENSIONS OF THE MARK 26- 2 TORPEDO 
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FIG . 2 - DETAI LS OF FINS AN O RUDDERS OF MARK 26-1 TORPEDO 
of the stabilizing effect is obtained from the aft portion of the 
fins, and that the gain in stability by extending the fins forward 
is very sLight. The fins on the Mark 26-4 are closely comparable 
in size and location to the fins of the Mark i4-i Torpedo, wh ich 
has shown satisfactory performance. 
Figure i shows the over-a ll outline dimension of the Mark 
26-2 Torpedo, and Figures 2 to 5 , inclusive, show the details of 
the fins and rudders of the four designs tested. 
Figures 6 to ii, inclusive, are photographs of the models. 
All of the models are 2 inches in diameter, and except for 
the omission of the propellers are, as to exteri0r contours and 
dimension, accurate scale reproductions of the prototype . The 
dimensional rctio of model to prototype is i to iO.s~ . 
\ 
\ 
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FIG. 3 - DETAILS OF FINS AND RUDDERS OF MARK 26-2 TORPEDO 
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FIG. 4 - DETAILS OF FINS AND RUDDERS OF MARK 26-3 TORPEDO 
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F IG . 5 - DETAILS OF FINS AND RUDDERS OF MARK 26-4 TORPEDO 
The principal dimensi onal characteristics are the following: 
0-.rer-all length, inches 
Maximum diameter, inches 
N~se to cente r of buoyancy, inches 
Nose to center of gravity, inches 
we:ght, pounds 
Displccement , 1n sea water, pounds 
Negative buoyancy, pounds 
Sh roud ri ng maximum dia. inches on Mk 26-i 
Shroud ring cone a ngl e , degrees on Mk 26-i 
COHF I DENTI AL 
Model 
23.378 
2. 
i.806 
7.2 
Prototype 
245.875 
2i . 035 
H 2. 375 
H0.875 
3350.000 
2630.000 
720 . 000 
i9.CO 
8. 
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F IG. 6 - MODEL OF MARK 26-1 TORPEDO 
FIG . 7 - MOD EL OF MARK 26-4 TORPED O 
F I G. 8 - MODEL OF AFTERBODY 
MARK 26-1 TORPEDO 
F IG. 10 - MODEL OF AFTERB ODY 
MARK 26- 3 TORPED O 
c lG. 9 - MODEL OF AFTERB ODY 
MARK 26- 2 TORPEDO 
F IG . 11 - MODEL OF AFTERBODY 
MARK 26-4 TORPEDO 
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TEST PROCEDURE - FORCE TESTS 
The hydrodynamic characteristics determined by the model 
tests are expressed in terms of drag lift (cross force) and 
moment coefficients calculated from the observed force and moments 
Definitions and symbols are given in the appendix 
for the force and moment measurements the model is mounted 
on a shie l ded spindle in the working seqt1on of the Water Tunnel 
The spindle, to which the model is 1igidly attached is extended 
outside the tunnel working section and connected to balances which 
measure the forces and moments he shield which surrounds the 
mounting spindle in the work i ng section is streamlined and extends 
to within a few thousandths of an inch of the model thus protect. 
ing the spindle from the tun nel flow To compensate for inter -
ference between the shield and the model each series .of tests is 
repeated with an image shield extending fromthe top of theworking 
section to the same clearance from the modelas the spindle shield 
The image shield is a mirror duplicate of the spindle shield 
A tare or shield interference correction is then applied in 
accordance with standard wind tunnel practice as follows 
where 
f the corrected force or moment 
f 0 = the measured force or moment with the spindle shield 
only 
rw= the measured force or moment with both the spindle 
and image shields 
A correction is applied to the measured drag to allow for the 
tunnel pressure gradient . which was measured in the working sec--
t ion of the tunnel in the absence of the model The pressure gr~­
dient dp/dx at each station was multiplied by the cross sectional 
area of th~ model at that station and the product plotted against 
distance along the model The correction is then the area under 
this curve which can be expressed as 
where 
dx s dp 
S cross- sectional area of model at a station where in 
the absence of the model the pressure would be p 
The resulting corr~ction to be subtracted from the measured 
drag coefficient was found to be 0 02i or about iO per cent of 
the measured value 
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Each series of yawing and pitching tests, both with and with-
out the image shield, was repeated with the afterbody o f the model 
rotated i80 degrees from its position in the first series. Aver-
aging the values of the tests in these two positions tends to 
compensate for the effect .of any accidental asymmetry in the model . 
DRAG MEASUREMENTS 
The results of drag measurements on the Mark 26- 2 a nd Mark 
26-4 are shown in Figure i2 where drag coefficient a t zero yaw is 
plotted as a function of Reynolds number. ~he test points ~re 
shown, corrected for support interference and horizontal buoya ncy . 
The curves are plot~ed as straight lines on the log-log sccle. 
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FIG . 12 - DRAG COEFFICIENT AGAIN ST REYNOLDS NUMBER 
MARK 26-2 AND MARK 26-4 TORPED OES 
For comparison, the von Karman curve f o r turbulent skin triction 
only , for a flat plate of the same surface area and length a s the 
torpedo, has also been plotted in Figure i ~ . It sho u l d be noted 
that the extrapo lation indi ca tes a higher drag f o r the p r o t c typ e 
of the Mark 26-4 than for the Mark 26-2, which is c o ntrary t o 
what wo uld be expected, since the fin area of the Mark ~6-4 :s 
considerably less. The scatter of the test points is suc h, h ow-
ever, that repeated tests might easily just i fy a c h a nge in the 
slope of the curves within the test ra~ge and , c o nsequently, a 
change in the extrapolation to prototype . The test r a nge ~overs 
Reynolds numbers between about i.6 x i OA a nd i O x 1o e, whereJs 
the prototype Reynolds numbers are over iOO x iOe. Extrapo : a t: o n 
over such a wide range is not completely reli a ble. The r esu1ts 
are useful for estimating purposes, in the absence c f co n ±irming 
data from actual runs on the full-size t o rpedo. The extrap o-
lation to prototype speeds and dimensi o ns a ppears t o chec k f u irly 
well with the horsepower predicti o n made by the Westingho use 
Electric and Manufacturing Company, as suming reas o n a ble value s 
for propeller efficiency. 
Tests of the Mark 26-i and Mark 26-~ models indi ~a : e ar a g 
coefficients within the values shown in Figure i 2 . On all the 
models, the increase in drag with in c reasing pitch o r yaw was 
slight. 
r.nNF I nFHT I Al 
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LIFT, CROSS FORCE , AND MOMENT MEASUREMENTS 
F igures i3 to 28 show the lift and pitching moment coef-
ficients as functions of pitch and the . cross force and moment 
coefficients as functions of yaw for all four of the Mark 26 
models. In Figures i7 and i8 the lift and moment coefficients 
for the finless torpedo are also shown . 
Figures 29 to 33 show comparisons of the lift, cross force, 
and moment coefficients in pitch and yaw for th e four different 
designs of stabilizing fins . 
The following tabulations give a direct comparison of lift, 
cross force, and moment coefficients . at zero and four-degree 
pitch and yaw and for rudder setti~gs iO degrees up and down and 
i O degrees port and starboard . 
COMPARISON OF U·FT AND PITCHING MOME.!H COEFFICIENTS 
Rudder Setting 
i0°up 0 i0°dn 
CL per degree at zero pitch Mk 26-i +o~033 +o.024 +o.036 
+o.036 Mk 26-2 +o.038 +o.037 
Mk 26-3 +o.026 +o. 022 +o.022 
Mk 26-4 +o.020 +o.OH +o.020 
-
+o. ':1. 56 +o. ·2 i 7 CL at plus (up) 4 degrees pitch Mk 26-i +o. ':!.i8 
Mk 26-2 +o . i32 +o. i9 2 +o. 2so 
Mk 26-3 +o.087 +o. i64 +o. ·227 
Mk 26-4 +o. 03 2 +o. ii7 +o. 2i4 
CL at minus (down) 4 degrees pitch Mk 26-i -0. •2i 2 -0.':!.45 -O.H6 
· Mk 26-2 - 0. '.Z42 - .0. 1.80 -0 . HS 
Mk 26-3 -0. ·200 -0.':!.i~ -0 .06i 
Mk 26-4 -0 . ·21.4··· .: ·-0. ':!.i7 -0.032 
CM per degree at zero pit-ch Mk 26-i +o.Oi4 +o .Oi4· +O .Oi4 
Mk 26- '? +o.Oi4 +o.Oi4 +o.Oi4 
Mk 26-3 +o .020 +o.020 +O.Oi7 
Mk 26-4 +o.Oi9 +o.Oi9 +O.Oi9 
CM a t plus (up) 4 degrees pitch Mk 26-i +o.069 \ +o . 046 +O . Oi7 
Mk 26-2 +o .067 +0.043 +o. 01.2 
Mk 26 .) +0.050 +o. 055 +o.Oi8 
Mk 26- 4 +o. i04 +o.068 +o.026 
CM at minus (down) 4 degrees pitch Mk 26-i -0.0i6 -0.055 -0 . 078 
Mk 26-2 -0.02i - 0.053 -0.077 
Mk 26-3 -0.026 -0.067 -0. iOO 
Mk 26-4 -0 . 026 -0 .068 --0. i04 
CONFI DENTIAL 
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COMPARISON OF CROSS FORCE AND YAWING MOMENT COEFFICIENTS 
Rudder Setting 
iOo i0° 
Starboard 0 Port 
Cc per degree at : zero yaw Mk 26-i +o. 031. .+o .033 +o.03i 
Mk 26- 2 +0.027 +o.030 +o. 027 
Mk 26-3 -0.027 +o .022 +0.027 
Mk 26-4 -0.020 +o.022 +o.020 
CC at plus (starboard) Mk 26-i +o.142 +o. i67 +o. i97 
4 deg r ees yaw! Mk 26-2 +o . ':1.43 +o. ·i 70 +o. ·202 
Mk 26-3 +o.1.00 +o.1.40 +0.1.93 
Mk 26-4 +o.070 +o. i20 +o.1.70 
Cc at minus (port) Mk 26-i +o. i97 -0.':1.67 -0. i42 
4 degrees yaw Mk 26-2 -0. 202 -0.':1.70 -0. i43 
Mk 26-3 -0 . i9 3 -0 . i40 -0. 1-00 
Mk 26-4 -0.1.70 -0.1.20 -0 . 070 
CM per degree at zero yaw Mk 26- i +O.Oi3 +o.Oi4 +o.Oi3 
Mk 26-2 +o.ou +o.Oi4 +o.ou 
Mk 26-3 +o.Oi6 +o.Oi7 +o.Oi6 
Mk 26-4 +o.Oi7 +o.Oi6 +o.Oi7 
CM at plu£. (starboard) Mk 26-i +o.059 +o.046 +o.029 
4 degrees yaw Mk 26-2 +0.060 +o.044 +o. 028 
Mk 26-3 +o.073 +0 . 055 +0.039 
Mk 26-4 +o.076 +o . 055 +0.037 
CM at minus (port) Mk 26-i -0.029 -0.045 -0.059 
4 degrees yaw Mk 26-2 -0.028 -0 .044 -0.060 
Mk 26-3 -0.039 -0.056 -0 .073 
Mk 26-4 -0 . 037 -0.056 -0.076 
Comparison of the moment coefficient curves for the torpedo 
with eight fins and shroud ring (Mark 26-i) with the same projec-
t i 1 e w i t ho u t t he shroud r in g ( Mark 2 6- 2) shows that t he shroud 
ring has an adverse ef f ect on the static stability and reduces the 
effect of the elevators and rudders . With the 45-degree fins re-
moved (Mark 26-3), the static stability is still further. r educed; 
and with the four smaller size stabilizing fins (Mark 26-4), the 
. static stability is less than with the longer fins 
0
The'differ-
ences are slight at pitch and yaw angles below plus or· minus one 
degree and are increasingly noticeable as the yaw and pitch angles 
are increased . 
The principal reason that no stabilizing effect is produced 
by the addition of the shroud ri ng to the eight - vane model is 
believed to be the reduced diameter of the shrv ud ring n ecessary 
to avoid interference wi t h the latch in the lau.nching tube , and 
also the necessity of placing the shroud ring far enough forward 
to avoid mechanical interference with the rudders Reducing the 
l'nMC" I l"IC"M T I Al 
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diameter and moving the ring forward both ten.ct .. to rv~.d~.ce the flow 
between the afterbody and the ring At the larJer pitch and yaw 
angles the shroud ring reduced the effectiven~~s of the afterpart 
of the fins by interfering with the flow 
EQUILIBRIUM RUNNING CONDIT I ONS 
The Mark 26 Torpedo has a considerable negative buoyancy and 
the center of buoyancy is aft of the center of gravity 'For equ1 
librium in straight horizontal travel the pitch angle and rudder 
setting must be such that the lift will balance the negative buoy 
ancy and the hydrodynamic moment will balance the mome1t due to 
the weight and buoyancy The hydrodynamic coefficients det~:cmined 
in the High Speed Water Tunnel offer a means of calculating the 
equili brium angle A method for determining the pitch and rudder 
anale recruired for equilibrium has been developed by Joseph Levv ( i ) 
Following this method equilibrium pitch and rudder angles have 
been determined for the Mark 26 Torpedo with the four different 
fin systems tested ·The· results are given in the following tabu 
lotion .. 
39 Knots 45 Knots 
Pitch Angle Rudder Angle Pitch Angle · Rudder Angle 
(Up) (Down) (Up) (D~wn ) 
Mk 26-i 
8 fins with 
shroud ring 
Mk 26·- 2 0. 8° 
8 fins without 
shroud ring 
Mk 26· ·3 i . 0° 4.8° 
4 fins (45° fins 
removed) 
Mk 26--4 ·o.~o 
4 short fins 
' ( 
Although the Mark 26 Torpedo is controlled for •pitch equi: 
librium by a hard up and hard down rndder control the equilibrium 
ru1der settings are of interest in two ways First they indicate 
the approximate mean rudder angle half way between the •hard up and 
hard down positions Second the above table shows that the 
assistance' to the down rudder from a slight incl~nat1on o·f · the 
depth fin is negligible 
MANEUVERABILITY 
The data supplied by this report were obtained from measu r e 
ments of the steady state hydrodynamic forces on the prope l lerl ess 
torpedo and do not give direct information on the damping f o r ce s 
( 1 ) 11 Force and Cavitation Tests of the i'k i.4-i.. and 
pedoes, 11 OSRD Report Section ~o 6 1·sr207 · 2238 
July 15, 1945 
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However, an estimate of the ~amping forces acting on the pro -
pellerless torpedoes and an estimate of the comparative turning 
radii of the four modifications of the Mark 26 on which model 
tests were made can be obtained from these data by methods simi-
lar to those used in airship calculations The method is based 
on the assumptions that the damping of streamlined finned pro-
jectiles is due primarily to forces acting on the tail and that 
the forces and moments acting on the tail only are the differences 
between the measured forces acting on the torpedo with fins and 
the theoretical forces and moments acting on a bare elliposidal 
hull having the same volume and length as the bare hull of the 
Mark 26 Torpedo 
The method as applied to torpedoes has been devleoped by 
Joseph. Levy of the Hydrodynamics Laboratory, and is given in the 
Hydrodynamics Laboratory report on the Mark i4 i and Mark iS - i 
Torpedoes(i) and in a memorandum from Mr Levy to Dr R. T 
Knapp, dated July 28 i944 
Using this method and the data herein given _ the estimated 
equilibrium turning radii and the damping coeff1c1ent at zero yaw 
has been calcu lated and nre given in the following tabulation 
Mk 26 ·i Mk 26 2 Mk 26 -- 3 Mk 26 -4 
Equilibr i um radius of 
cur vature, fee t iSO i60 02 iOO 
Yaw at c G. for above 
curvature, degrees 4-0 3 . 6 4.7 6 
Cross force damping coefficient, 
in pit ch, at zero pitch, Cy 0.72 i. ;iO 0.66 0.62 
Cross force damping coefficient; 
in yaw at zero yaw, Cy 0.98 o. 89 0 . 66 0.66 
Damping moment coefficient, 
in pitch at zero pit ch , CK 0. 37 0.'57 0. 34 0. 32 
Damping moment coefficient, 
in .yawc at zero yaw, CK 0. '5i 0. 46 0 . 34 0. 34 
The damping force and moment coefficients are defined as 
where 
CCT is the cross force coefficient of the tail alone , and 
eT is the eccentricity of the tail force 
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It should be emphasized that the above t u rni n g radii a nd 
d a mpin g coefficients are onl y es t i mated; their v al u es as given 
r est u po n insufficient da t a; t h e y d o n o t i n cl u de the effect of 
t h e propeller o n either the ste a d y hydroiynami c forc e s o r th e 
d a mp i n g fo r ces; a n d t h e t h eory o n wh ic h t h e calcula ti o ns a re 
b ased h as n o t been c o ncl u sive ly c he c k ed b y experi men t or ob-
serva t ion of t h e full size projectile . 
Ho wever , it is believed t ha t the da t a given are s u fficie n t 
for comparing t he t urning r adii a nd dampi n g coeffici ent s , even 
th o ug h the actual values ma y vary co n side r a bl y from th e val u es 
g i ven. 
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CAVITATI ON 
Cavitation tests were conducted to determine the pressure 
and velocity at which cavitation first became well defined on the 
nose and at various points on the fins and rudders. 
The cavitation results are expressed i n terms of the cavi-
tation parameter, K, which is defi n ed i n the appendix. 
Figures 34 to 43 are photographs of the torpedo models sub-
jec ted t o cavitation in the Water Tunnelat the K values indicated . 
MARK 26- 1 TORPEDO F I G. 34 
CAVITATION AT ZERO YAW, K 0 . 43, 5 FT. SUB ME RG ENC E AT 45 KNO TS 
F IG . 35 - MARK 26- 1 TORPEDO 
CAVITATION AT 30 YAW , K = 0 . 40, 3 FT . SUBMERGENCE AT 45 KNOTS 
F IG . 36 - MARK 26-1 TORPED O 
CAVITATION AT 60 YAW , K = 0 . 46, 10 FT . SU BMERGENCE AT 45 KN OTS 
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In the cavitation tests the model torpedo was subjected .to 
a water velocity 0f 57 to 60 feet per second From an initial 
pressure high enough to prevent any observable cavitation the 
pressure was gradually reduced until cavitation developed 
Steady incipient cavitation was observed to occur at the K 
values shown in t he following tabulation The values were ob 
tained by averaging the values from observations on the four 
designs 
Cavitation Parame t ers for Incipient Cavito.tion 
Yaw Angle in Degrees 
Position 
Nose 
Vertical Rudder Bracket 
Leading Edge Vertical Fin 
Leading Edge Horizontal Fin 
Leading Edge 45° Fin on Mk 
Shroud on Mk 26-i 
0 
0 38 
0.60 
0.60 
0.60 
26--i and 26-2 0. so 
0. 8i 
3 
0 ·38 
0. 70 
1..00 
0.80 
0.90 
O.Si 
6 
0.44 
0. 75 
i. 80 
i. iO 
i. 66 
1..08 
The above table indicates that the cavitation increases with 
yaw, but there does not appear to be any consistent trend showing 
that any afterbody design is preferable in avoiding cavitation 
The following table, using K values from the preceding table 
shows the speeds at submerbences of 5 feet and i5 feet below which 
cavitation would not occur at the indicated points on the torpedo 
Speed, in Knots, below which cavitation 
will not occur at submergence of 
5 Feet _i 5 Feet 
Position 0° Yaw 3° Yaw 6° Yaw 00 Yaw 30 Yaw 6° Yaw 
Nose 49 49 46 56 56 49 
Vertical Rudder Bracket 38 34 33 42 39 38 
Leading Edge Vertical Fin 38 29 22 42 34 7.5 
Leading Edge Horiz Fin 38 33 28 42 37 3:1 
Leading Edge 45° Fin on 
Mk 26-i and Mk 26--2 4i ~ i 22 46 34 25 
Shroud on Mk 26-i 32 32 28 36 36 32 
It appears that\ at 60 y aw .. cavitation at 45 knots might cause 
some interference with the rudders 
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F I G. 37 - MARK 26-2 TORPEDO 
CAV ITAT ION AT ZERO YAW K = 0 . 47, 11 FT. SUBMERGENCE AT 45 KNOTS 
FIG. 38 - MARK 26- 2 TORPED O 
CAVITATI ON AT 30 YAW , K = 0 . 40 , 3 FT . S UBM ERGENCE AT 45 KNOTS 
F IG. 39 - MARK 26- 2 TORPEDO 
CAVITATI ON AT 6° YAW, K = 0 . 40 , 3 FT . SU BMER GENCE AT 45 KN OTS 
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FIG. 40 - MARK 26-3 TORPEDO 
CAVITATION AT 30 YAW, K = 0 .45, 8 FT. SUBMERGENCE AT 45 KNOTS 
FIG. 41 - MARK 26-3 TORPEDO 
CAVITATION AT 60 YAW, K = 0.46, 10 FT. SUBMERGENCE AT 45 KNOTS 
FIG. 4 2 - MARK 2b-4 TORPEDO 
CAVITATION AT 30 YAW, K = 0 .55, 16 FT. SUBMERGENCE AT 45 KNOTS 
F IG. 43 - MARK 2b-4 TORPED O 
CAVITATION AT 6° YAW, K = 0. 55 , 16 FT. SUBMERGENCE AT 45 KNOTS 
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APPENDIX 
DEFINITIONS 
YAW ANGLE, t/J 
The angle. in a horizontal plane, which the axis of the pro-
jectile makes with the direction of motion . Looking down on the 
projectile, yaw angles in a clockwise direction are positive (+) 
and in a counterclockwise direction , n ega tive (-) 
PITCH ANGLE, a 
The angle _, in a vertical plane, 
jectile makes with the direction of 
posi tive (+) when the n ose is up and 
is down 
L I FT 1 L 
which the 
motion 
negative 
axis of the pro-
Pi tch angles are 
r-> when the nose 
Th e for ce, in pounds, e xert ed on the projectile normal to 
t he direc ti o n of motion and in a v e rtical plane The lift is 
positi v e (+) when acting upward and negative c-> when acting 
downward 
CROSS FORCE, C 
·The force , in pounds, exerted on the projectile normal to the 
direction of motion and in a horizontal plane ·The cross f o rce is 
positive when acti ng in the same direc tion as th e displacement of 
the projectile nose for a positive yaw angle . i e to an observer 
facing in the direc ti on of tra vel a positive cross force acts to 
the right 
DRAG, D 
The force in pounds, e xe rt ed on the projectile parallel with 
the direction of motion The d r ag is positive when acting in a 
direction opposite t o the direction o f motion 
MOMENT . M 
The t orque in f oo t pound s, t e nding to rotate the projectile 
about a transverse nxis r rr· in<) 'TlOment::. ten<'1 n9 t o rotat e th e 
projectile in a clockwise direction (wh en looking down on the pro-
jectile) are positive (+), and those t end ing to cause counter-
clockwise r o t ation a r e negative (-) Pi tching moments tending to 
r o tate th e projectile in a clockwise direction (when looking at 
t he projec til e from the port side) are positive (+), and those 
t e nding t o cause counterclockwis e rotation ·are negative (-) . 
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In accordance with this sign convention a moment has a de-
stabilizing effect when it has th~ same sign as the yaw angle or 
pitch angle , and a stabilizing effect when the moment and yaw or 
pitch angle have opposite signs 
NORMAL COMPONENT, N 
The sum of the components of the drag and cross force (or 
lift) acting normal to the axis of the projectile ., The value of 
the normal component .is given by the following · 
N = 0 sin ~ + C cos ~ ( i ) 
or 
N = D sin a + •L cos a 
in which 
N Normal componen t in lbs 
D Drag in lbs 
c Cross force in lbs 
•L •Li ft force in lbs 
~ Yaw angle in degrees 
a = Pitch angle in degrees 
CENTER OF PRESSURE, CP, 
The point in the axis of the projectile at which the resul-
tant of all forces acting on the projectile is applied 
CENTER -OF PRESSURE ECCENTR'C. ' Tv. e 
The distance between the center of pressure (CP) and the 
center of gravity (CG) expressed as a decimal fraction of the 
length (1) of the projectile The center -of - pressure eccentricity 
is derived as follows 
e 
in whicl\ 
i Meg 
::. N 
e Center - of -pressure eccentr i city 
1 •Length of project i le i n feet 
leg Distance from nose of pro j e9tile to CG in feet 
1 Distance fr om nose of projectile to CP in feet Cp 
CONF IDENT I Al 
( 2) 
C Qtff I O EJH 1 ltl;-.~a-tt 
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COEFFIC ! ENTS 
The force and moment coefficients used are derived as follows : 
D 
Drag coefficient ,, CD = v2 p Ao 
2 
( 3) 
force c oe f f i c i en t , cc 
c Cross 
v2 p AD 2 
( 4) 
•L 
qL v2 
p 2 Ao 
( 5) •Lift coefficient, 
Moment coefficient ., 
M 
CM 2 
p v A0 1 2 
(6 ) 
in which 
D Measured drag force in lbs 
C Measured cross force in lbs 
•L Measured lift force in lbs 
p Densi ty o f the fluid in slu~s/cu ft = w/g 
w SpecifiQ weight of the fluid in lbs/cu ft 
g ·Acceleration of gravity in ft/sec 2 
A0= Area in sq ft at the maximum cross section of the pro jectile taken normal to the geomet 1::: axi ::. of the pro -
jectile 
V Mean relative velocity between the water and the pro -
jectile in ft/sec 
M Momen t , in foot .-pounds .. measured about any particular 
point on the geometric axis of the proJec1ile 
1 Overall length of the projectile in feet 
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-d-
REYNOLDS NUMBER 
In comparing hydraulic systems invo lving on ly friction and 
inertia forc es, a factor call ed Reyno l ds number is of great 
utility . This is de f ined as follows : 
in which 
R 
l 
v 
v 
p 
R 
l V 
v 
lVp 
µ 
Reynolds number 
Overall l en gth of projectile, feet 
Velocity of projectile, f ee t per sec 
( 7) 
Kinematic viscosity of th e fluid, sq ft per sec µ/p 
~ass density o f th e fluid in slugs per cu ft 
µ = Absolute viscosity in pound-seconds per sq ft 
Two geometrically similar s yst e ms are also d ynami cally simi-
lar wh e n th e y have th e same value of Rey n olds number For the 
same fluid in both cases, a model with small linear dimensions 
must b e used wi th c or r espon di n gly large velocities It is also 
possibl e to compare two cases with wi de ly differing flui ds pro-
vided l and V are prope rly chosen to give th e same value o f R . 
CAVITATION PARAMETER 
In th e analysis o f cavitation phenomena, th e cavit a ti__on 
parameter has bee n found very useful . This is defined as fo ll ows 
K ( 8 ) 
in which 
K Cavitati on parameter 
PL= Absolute pressure in the undisturbed liquid lbs/ sq ft 
P 8= Vapor pressure corresponding to the water temperature , 
lbs/sq ft 
V Velocity of the projectile , ft / sec 
p Mass density of the fluid in slugs per cu ft w/ g 
w weight of the fluid in lbs per cu ft 
g = acceleration of gravity 
CONFI DENTIAL 
Note that any homogeneous 
tation of this parameter 
this parameter in terms of 
K 
where 
h 
L 
h 
B 
2g 
-e-
set of units can be used in the compu-
Thus, it is often convenient to express 
the head, i e , 
(9) 
hL Submergence plus the barometric head ft of water 
h 8 = Pressure in the bubble ft of water 
It will be seen that the numerator of both expressions is simply 
the net pressure acting to collapse the cavity or bubble The 
denominator is the velocity pressure_ Since the entire variation 
in pressure around the moving body is a result of the velocity it 
may be considered that the velocity head is a measure of the pres-
sure available to open up a cav·itation void From this point of 
view, the cavitation parameter is simply the ratio of the pressure 
available to collapse the bubble to the pressure available to open 
it If the K for incipient cavitation is considered it can be 
interpreted to mean th~ maximum reduction in pressure on the sur 
face of the body measured in terms of the velocity head Thus 
if a body starts to cavitate at the cavitation parameter of one 
it means that the lowest pressure at any point on the body is one 
velocity head below that of the undisturbed fluid 
The shape and size of the cavitation bubbles for a specific 
projectile are functions of the cavitation parameter If P 8 is 
taken to represent the gas pressure within the bubble instead of 
the vapor pressure of the water as in normal investigations the 
value of K obtained by the above formula will be applicable to an 
air bubble In other words, the behavior of the bubble will be 
the same whether the bubble is due to cavitation the injection of 
exhaust gas, or the entrainment of air at the time of launching 
The following chart gives values of the cavitation parameter 
as a function of velocity and submergence in sea water 
g 
